In placental mammals, the class II region of the major histocompatibility complex (Mhc) consists of several gene families which show orthologous relationships in the different species. As these families are not orthologous with the Mhc class II & chain-encoding gene families of birds, the different mammalian families must have diverged after the separation of birds and mammals -250 Mya but before the radiation of placental mammals (60-80 Mya). To obtain further information about the origin of the class II genes in mammals, we studied the P-chain-encoding genes of the wallaby as a representative of marsupials, which split from placental mammals -125 Mya. Three P-chain-encoding genes were isolated from a red-necked wallaby (Macropus rufogriseus) cDNA library by using a chimpanzee DRB probe, and their nucleotide sequences were determined. The genes are not orthologous to any of the genes in mammals studied thus far but belong to two new families which we designated Marx-DAB and Maru-DBB. One of the three sequences (DABZ) seems to be derived from a transcribed pseudogene; it lacks the codons specifying the first 5 1 amino acid residues of the p2 domain. The fact that the DAB and DBB families have thus far not been found in placental mammals and that none of the DOB, DPB, DQB, or DRB genes seems to be expressed in the one representative marsupial species can be interpreted as suggesting that class II gene families of eutherian and metatherian mammals evolved from different ancestral genes.
Introduction
The major histocompatibility complex (Mhc) codes for cell-surface glycoproteins that bind peptides of processed foreign antigens and present them to T lymphocytes (Klein 1986; Lawlor et al., 1990) . Recognition of the foreign peptide-Mhc molecule complex by the T-cell receptor activates the T cells and thus initiates a specific immune response. The Mhc genes belong to two structurally and functionally different classes. Class I genes code for a chains (Mr 44,000) that associate noncovalently with &-microglobulin (M, 12,000) . The heterodimer is expressed on all somatic, nucleated cells and presents endogenously generated peptides preferentially to cytotoxic T cells. Class II genes code for the a-(k& 33,000-35,000) and P-chains (A& 27,000-29,000) of heterodimers that are normally expressed on certain cells of the immune system only. They present exogenously derived peptides preferentially to T helper cells.
In placental mammals, the a-and pchain-encoding genes (referred to as A and B genes, respectively) are clustered in families-DN, DO, DP, DQ, and DR (Carson and Trowsdale 1986; Kappes and Strominger 1988 ) . As a rule, each family contains one functional A locus and one or two functional B loci, the remaining loci being pseudogenes. (There are, however, only DOB and DNA genes.) Different gene families seem to dominate functionally in different taxonomic groups. In the human, DR genes are most important, followed by DQ and DP genes (Kappes and Strominger 1988) , whereas in the mole-rat, the DR family seems to be deleted, the DP family being functionally most important (NiietiE et al. 1987) . The mouse lacks the DPA gene (Klein and Figueroa 1986) ; DR and DQ are functional, but the DR family seems to be losing importance (Figueroa et al. 1989) .
Class II genes have also been described in birds, exemplified by the domestic fowl (Guillemot et al. 1989) , and in bony fish, represented by the carp (Hashimoto et al. 1990 ). These genes, however, cannot be classified as belonging to any of the families identified in placental mammals; they are approximately equidistant to genes of the different families. This observation suggests that all the class II genes of placental mammals evolved from a single ancestral gene which later duplicated, the copies differentiating into ancestors of the different families. Since mammals are believed to have split from birds some 250 Mya and since placental mammals are believed to have diverged into different orders (all of which seem to possess at least some of the class II families) some 80 Mya (Carroll 1988) , the divergence of the ancestral class II genes must have occurred in the time interval between these two dates. To determine the time of emergence of the DO, DP, DQ, and DR families more precisely, we have analyzed the expressed class II genes of the red-necked wallaby (Macropus rufigrriseus) as a representative of the marsupial branch of mammals, which is believed to have diverged from the placental branch -125 Mya (Nei 1987; Carroll 1988 ).
Materials and Methods

Animals
Spleen was obtained from a single adult red-necked wallaby (Macropus rufogrisew) that died in the Hamburg-Hagenbeck Zoological Garden. The organ was frozen on dry ice and was kept at -70°C until its use.
Preparation of cDNA Library
For the isolation of total cellular RNA, the wallaby spleen was homogenized in 3 M LiCl, 6 M urea, 10 mM sodium acetate, 0.1% sodium dodecyl sulfate (SDS), was incubated overnight at 4°C and was spun for 20 min at 12,000 g. The pellet was washed with 3 M LiCl, 8 M urea, 10 mM sodium acetate, and 0.1% SDS and was resuspended in 10 mM Tris HCl (pH 7.5), 1 mM ethylenediaminetetraacetate (EDTA), and 0.25% SDS. After treatment with proteinase K, the RNA was extracted with phenol and chloroform and was precipitated with 100% ethanol. The poly(A) fraction, isolated by the mRNA purification kit from Pharmacia (Freiburg, Germany), was used for cDNA synthesis by the cDNA synthesis kit from Pharmacia. The cDNA was ligated into the $t 10 vector, and the phages were used to transform the Escherichia coli C600 Hfl-bacteria. After in vitro packaging with Gigapack Gold (Stratagene, Heidelberg, Germany), the library contained 10 6 plaque-forming units ( PFUs) . Before the screening, it was amplified once to 10 lo PFUs. 
Ma-u-DAB2 ATG ACC CCC AAG CAT GGT GAT GTC TAC ACC TGC CAA GTG GAG CAC TCC AGC Man-DAB1
ATG ACT CCC AAG CAT GGT GAT GTC TAC ACA TGC CAA GTG GAG CAT TCC AGC Maru-DEB ATG ACT CCC CAG AGC AGA GAT GTC TAC ACC TGC AGT GTG GAG CAT GCC AGC fig. 2 . Conserved cysteine residues presumably involved in the formation of disulfide bonds are indicated by boldface letters, and the putative NGT glycosylation signal and RFDS sequence motif presumably involved in CD4 binding are italicized. The R, D residues believed to form interchain salt bridges are underlined, and their charge is indicated by + or -signs. Asterisks (* ) indicate indels; small circles (0) indicate conserved residues believed to be essential in the formation of a-helices and kpleated sheets. Amino acid residues are given in the international one-letter code. 0.1% SDS, and 100 pg salmon-sperm DNA ml. Hybridization was carried out in 50% formamide, 5 X SSC, 1 X Denhardt's solution, 0.02 M sodium phosphate buffer (pH 6.8), 0.2% SDS, 10% dextran sulfate, and 250 mg salmon-sperm DNA/ml. Electrophoresis of RNA was carried out in 2.2 M formaldehyde and 1% agarose gel in (3-[ N-morpholino ] propanesulfonic acid) MOPS buffer. Gels were washed in 10 X SSC, and the RNA was transferred to nylon membranes by vacuum blotting with 10 X SSC. Prehybridization was in 50% formamide, 0.05 M sodium phosphate buffer (pH 6.5), 5 X SSC, 10 X Denhardt's solution, and 250 p.g salmon-sperm DNA/ml. Hybridization was carried out in prehybridization solution containing 10% dextran sulfate.
Results
Screening of lo5 PFUs of the Mucropus rufigrixus cDNA library by the C4-2 probe produced 34 positive plaques. After a rescreening, DNA was isolated from 24 MHC Class II Genes of a Marsupial 759 positive plaques. Hybridization of the EcoRI-digested cDNA clones with C4-2 produced 17 clones containing inserts 1.2-1.4 kbp in size ( fig. 1 ). Restriction mapping showed that the clones belonged to three groups. The complete DNA sequence of one member from each group was determined (clones 11, 13, and 14); the other members were sequenced only partially, as they appeared to be identical with either the 11, 13, or 14 clones. Clone 13 contains the complete coding sequence (29 codons specifying the leader; 94 codons of the PI domain; 93 codons of the j32 domain, with deletions either at codon positions 18 and 19 or at codon positions 17 and 19; and 50 codons of the connecting peptide, transmembrane region, and cytoplasmic region). The clone contains 32 1 nucleotides ( nt) of the 3' untranslated (UT) region which ends shortly after the putative polyadenylation signal; it does not contain the poly (A) tail. Clone 11 starts at codon position -14 of the leader and includes a complete coding region and 688 nt of the 3' UT region.
Clone 14 includes 30 nt of the 5' UT region and codons specifying the complete leader, PI domain, connecting peptide, transmembrane, and cytoplasmic region, as well as 679 nt of the 3' UT region; it lacks the codons specifying the first 5 1 amino acid residues of the p2 domain. All five independently isolated clones contained this deletion. Furthermore, the clone contains an additional stop codon seven codons upstream from the conserved termination signal. The 3' UT sequences of clones 11 and 14 contain putative polyadenylation signals but no poly (A) tails ( fig. 2) .
The translation of the nucleotide to the amino acid sequences is given in figure NOTE.-Where mrxe than one sequence was available in a given family, similarity was calculated from consensus sequences.
FIG. 4.-Comparison
of consensus nucleotide sequences representing 3' UT regions of DAB, DBB, DOB, DPB, DQB, and DRB genes (the first 100 nucleotides). HA-human genes; If-2-mouse genes; Muruwallaby genes. The consensus sequences were obtained on the basis of plurality.
3. The disulfide-forming cysteines at positions 15 and 79 of the pi domain and at positions 23 and 79 of the /!I2 domain are conserved, as are the putative glycosylation signal NGT/NGS in the p1 domain and the sequence motif RIDS which appears to be involved in the interaction between Mhc class II and CD4 molecules (Mazerolles et al. 1988) . Residues believed to form the structural framework of the a-helices and P-pleated sheets in the model of the peptide-binding region (PBR) in class II molecules (Brown et al. 1988 ) are also conserved in the wallaby sequences. All three sequences could form the conserved salt bridges between Arg25 and Asp43 and between Arg72 and Asp76 of the p1 domain. As in other species, residues which in the PBR model are predicted to be responsible for the specificity of peptide binding are also variable in the three wallaby sequences. On the basis of this analysis, we assume that sequences 11 and 13 can encode functional Mhc class II molecules.
The nucleotide sequence similarity of clones 11, 13, and 14 in the different domains is given in table 1. Sequences 11 and 14 show 87% similarity in their 3' UT regions, indicating that they are members of the same class II family (in placental mammals, the 3' UT region sequences are specific for different class II families). Sequence 13, which shows 38% and 4 1% similarity to sequences 11 and 14, respectively, appears to belong to a different family.
The 3' UT region sequences of clones 11, 13, and 14 were compared with consensus sequences of the 3' UT regions of the HLA families DOB, DPB, DQB, and DRB (table 2 and fig. 4) . In all instances, the similarity was very low ( ~47% ) , suggesting that the wallaby genes do not belong to any of the known gene families of placental mammals. According to the recently adopted nomenclature guidelines (Klein et al. 1990 ), the two new families defined by the wallaby sequences are designated Muru-DAB and Ma-u-DBB. The full designation of the sequenced clones thus becomes Mum-DAB1 (clone 11)) Muru-DAB2 (clone 14)) and Mum-DBB (clone 13).
To obtain further insight into the relationship of the wallaby genes to the gene families of placental mammals, we constructed phylogenetic trees by the neighborjoining method (Saitou and Nei 1987 ) , using the sequence coding for the pi, p2, and transmembrane domains of the P-chains ( fig. 5 ) . We have not included the rest of the coding sequence, either because some of it is not available or, if it is available, because some of it is difficult to align unambiguously. For the construction of the tree in figure 5 , we have excluded the Muru-DAB2 sequence, because it contains a large deletion, and, for reasons given in the Discussion, we have used only nonsynonymous sites of all the sequences. In a tree constructed for the above sequences but with the exclusion of the deleted sites, the Muru-DAB2 clusters with Mm-u-DAB1 (not shown). Taken at face value, the tree in figure 5 suggests that, in the evolution of the class II P-chain-encoding genes, the avian genes diverged first from an ancestral gene and were followed by the divergence of the Muru-DABI (DAB2), DRB, DOB, Muru-DBB, and (DQB and DPB) genes. When the PBR-encoding sites are excluded from the The third gene (DAB2), on the other hand, lacks the codons specifying the first 5 1 amino acid residues of the p2 domain and hence cannot code for a functional gene product. Since this deletion was found in five independently isolated clones, we do not believe that it is a cloning artifact. The mRNA corresponding to the cDNA sequence 14 could have arisen either by a corresponding deletion in the gene or by false splicing of the primary transcript, perhaps as a result of a mutation in the splicing signal. That the deletions start exactly after the last codon of the p1 domain-encoding sequence supports the latter interpretation. The observation that the DAB2 sequence contains an additional stop codon seven codons upstream from the standard termination signal fits the notion of its being a pseudogene. Without information about the genomic organization of the wallaby Mhc class II region, it is not possible to decide definitively whether DAB1 and DAB2 are two loci of the DAB family or two alleles at the same locus; but that DAB2 is apparently a pseudogene, whereas DAB1 is presumably a functional gene, may be interpreted as favoring the former possibility.
There are several problems associated with the construction of phylogenetic trees for sequences as variable as those comprising the Mhcs of the different species. On the one hand, the positions in the PBR of the class II molecule are under positive selection pressure (Hughes and Nei 1989) which may lead to spurious sequence similarity even among distantly related genes ( Andersson et al. 199 1)) so that trees based on entire sequences may not always reflect true genealogical relationships. On the other hand, in comparisons between genes of marsupial and placental mammals, the genetic distances calculated for synonymous positions ( d, ) are > 1 .O substitution/site and hence are not reliable. As pointed out by the anonymous reviewer of the present paper, in this particular set of data, forward and backward synonymous substitutions might obscure true relationships even more than does selection pressure on the PBR sites. For this reason, we have used only nonsynonymous sites for the construction of the tree depicted in figure 5 , in which Mar-u-DBB clusters with DQB and DPB. However, after the elimination of the PBR sites, Maru-DBB clusters with DOB, and therefore we consider this region of the tree to be ambiguous. Nonetheless, the divergence of the Maru-DABI (and Marx-DABZ) genes has preceded the divergence of all the placental class II B gene families, while the Maru-DBB gene apparently emerged later, after the emergence of some of the placental gene families. The tree in figure 5 contradicts some of the trees published earlier (e.g., see Klein and Figueroa 1986; Hughes and Nei 1990) , in which the DOB is depicted as emerging first among the placental gene families, followed by DRB, DQB, and DPB. This is not surprising, since the addition of new sequences to a given collection often changes somewhat the topology of the corresponding phylogenetic trees.
The relationship of the three wallaby sequences to the known class II sequences of birds and placental mammals was analyzed by the neighbor-joining (Saitou and Nei 1987) and maximum-parsimony (Felsenstein 1988 ; not shown) methods of tree construction. In the tree produced by the neighbor-joining method using the nonsynonymous sites of the sequence coding for the pi, p2, and transmembrane domains, the Maru-DAB1 and Man&DAB2 genes were on a separate branch, whereas the Maru-DBB gene clustered with the DQB and DPB genes. However, the nodes from which the individual gene families branch out are very short, and their standard deviations are large (data not shown). In fact, the branching pattern shown was not significantly different from possible alternative branching patterns.
The fact that genes orthologous to DAB and DBB have thus far not been found in placental mammals does not necessarily mean that these two families arose in marsupials after the latters' separation from placentals. Since there are examples of some placentals lacking some of the placental mammal gene families (e.g., the molerat apparently lacks the DRB family; see Niietic et al. 1987) ) it is possible, although not very likely, that the DAB and DBB orthologues are present in some placental mammals that have not been studied yet. By the same token, it is also possible that orthologues of the DOB, DPB, DQB, or DRB genes are present in marsupials. Southern blot analysis indicates the presence of at least 11 class II genes in the genome of the red-necked wallaby, and some of the extra genes may be orthologous to genes in placental mammals. An attempt to test this possibility by Southern blot analysis using DOB-, DPB-, DQB-, and DRB-specific probes has failed to provide clear-cut evidence for the presence of these genes (data not shown). On the other hand, the extra Mm-u class II genes may, of course, either belong to the DAB and DBB families or may be members of as yet unidentified families. To identify these additional genes, a study of the class II region at the genomic level will have to be undertaken. That we found several DAB and DBB clones but no other class II clones in the cDNA library seems to indicate that the additional genes are either not transcribed or are transcribed at a much lower degree than are the DAB and DBB genes.
